We use time-resolved optical reflectivity to study the laser stimulated dynamics in the magnetic shape memory alloy Ni 2 MnGa. We observe two coherent optical phonons, at 1.2 THz in the martensite phase and at 0.7 THz in the pre-martensite phase, which we interpret as a zone-folded acoustic phonon and a heavily damped amplitudon respectively. In the martensite phase the martensitic phase transition can be induced by a fs laser pulse on a timescale of a few ps. * Electronic address: simon.mariager@psi.ch 1
In magnetic shape memory Heusler alloys the combination of ferromagnetism and a structural martensitic phase transition leads to large magnetic field induced strains, reaching up to 10% in the prototype Ni 2 MnGa [1] . While practical applications already exist, both the structure of the martensite phase (MT) [2] and the microscopic origin of the phase transition remain under discussion [3, 4] . Upon cooling Ni 2 MnGa undergoes two structural phase transitions. At T P M T ≈ 260 K a pre-martensitic transition leads to a gradual modulation of the high temperature cubic austenite phase (AUS) of L2 1 symmetry to the pre-martensite phase (PMT). The subsequent first order martensitic transition occurs at T M T ≈ 220 K.
Through both structural transitions Ni 2 MnGa remains ferromagnetic (T C ≈ 380 K).
The PMT occurs due to a softening of the [ζζ0] acoustic phonon mode at ζ 0 = 1/3.
The resulting structure arises from a periodic modulation of the positions of the atoms within the cubic unit cell tripling the unit cell along {110} [4] [5] [6] . The structure of the MT is however debated, in part because different stoichiometries lead to different structures [7] . The reported structures can roughly be summarized as tetragonal or orthorhombic distortions of the AUS unit cell, combined with a 5 or 7 fold distortion along {110}. The latter distortion has been described both as a periodic modulation and a shuffling of atomic layers [8] . A possible explanation was given recently when the MT structure of Ni 2 MnGa was described as an adaptive phase [2, 9] , where nanotwinning occurs along {110} in order to minimize the elastic energy at the cubic/tetragonal interface. As a result there are 12 tetragonal twins [10] and the 5 and 7 fold distortions are (32) 2 and (52) 2 in Zhadonov notation [11] . Also the driving forces of the martensitic transition are not fully understood on the microscopic level. The electronic stabilization appears to be a pseudogap 0.3 eV below the Fermi level. The pseudogap has both been measured with photo-emission [3] and calculated theoretically [12, 13] . It forms by redistribution of minority spin Ni-3d states and can be understood as a band Jahn-Teller effect. In addition it has recently been stressed that the combined magnetic and vibrational excitations must be included in order to reproduce the full phase diagram of Ni 2 MnGa [4] , while coupling between acoustic and optical phonon modes in the AUS can account for the wavevectors related to the modulation [14] .
Motivated by the fact that fs laser pulses can excite coherent optical phonons [15] and induce structural phase transitions through the release of Jahn-Teller distortions [16] we studied the phonon modes and structural dynamics in Ni 2 MnGa by all optical time-resolved reflectivity. In this letter we show that low fluence excitations of the different phases excite excitation for the stoichiometric crystal at temperatures between 170 and 280 K. In the MT (T < 215 K) a strong oscillation with a low damping is seen in the transient reflectivity.
This is the signature of a coherent optical phonon [15] . Above 210 K the signal is markedly different. At intermediate temperatures (220 -260 K) an oscillation is still visible, but the frequency is lower and the stronger damping quenches the oscillation after a single period.
As the temperature is increased the damping gets stronger and at 270 K the oscillation is gone. Here the change in reflectivity is reduced to the incoherent response of a metal, due to the heating and thermalization of the electron gas and the lattice [17] . cooling. We find the same phonons in the non-stoichiometric crystal, though the damping in the PMT is stronger. This is due either to the higher temperature or the stoichiometry.
To extract the phonon frequencies we fit the data from the MT with a single damped cosine function ∆R osc = A cos(2πωt + Φ)e −t/τ . To minimize the number of free parameters we ignore the initial peak, which as explained below originates from the heated electrons, by restricting the fit to t > 0.5 ps. For the PMT we fit the entire curve and account for the incoherent part by using ∆R = ∆R osc + ∆R e with ∆R e (t) = a(
Where τ ee and τ ep (≈ 0.8 ps) are the electron-electron and electron-phonon relaxation times and τ th describes the subsequent cooling of the lattice. The constants a and b determine the ratio between the electronic peak and the thermal contribution. The fit function was dependence of the frequencies. We note that due to the long wavelength of the optical light compared to the crystals lattice constant the momentum transfer is ∼ 0 and the phonon frequencies are measured at the Γ point of the Brillouin zone.
The acoustic phonon dispersion curves of Ni 2 MnGa have been measured by inelastic neutron scattering [18] , but we are not aware of any experimental results on optical phonons.
The phonon-dispersion curves have been calculated for both the AUS, PMT and MT [4, 5] .
For the non-modulated lattices the lowest optical phonon modes have frequencies above phonon modes must be related to the modulation. For the PMT low lying phonon modes consistent with our measurements have indeed been predicted by considering the complete tripled unit cell [4] .
The crystal structure of the PMT is a periodic modulation of the cubic unit cell along {110} with a period of 3a/ √ 2. The specific phonon mode corresponding to the oscillation of the modulation amplitude is termed an amplitudon. A factor group analysis [19] using the modulated structure of the PMT [6] confirms the existence of a Raman active symmetry conserving A 1g mode corresponding to the amplitudon. The phase of the phonon is difficult to determine due to the strong damping and overlap in time with the electronic peak. We find that φ = 0.59 ± .15 rad at 1mJ/cm 2 and goes to zero at higher pump fluences. This indicates a displacive excitation similar to the well known laser excitation of the A 1 g mode of Bi [20] . Based on the low frequency, the factor group analysis and the displacive character of the excitation, we suggest that the optical phonon mode observed in the PMT is the amplitudon of the modulated unit cell.
The phonon modes of the MT phase are also intimately related to the structure, which as discussed is not unambiguously clarified in the literature. X-ray diffraction data from the crystals used in this study is consistent with an adaptive modulation. These results which will be reported elsewhere confirm the 12 fold splitting of a [202] c Bragg peak in the MT [2] and the existence of all intermediate superlattice peaks corresponding to a (32) 2 structure [11] . In a nanotwinned structure the observed low frequency coherent phonons are truly zone-folded acoustic phonons, similar to the coherent oscillations observed in superlattices [21] . At the Brillouin zone center, the frequency 2d/v of the first mode is roughly given by the speed of sound v divided by the period of the nanotwin super cell d. The factor of 2 arises because a single nano-twinned cell has is bound on both sides. Using elastic constants calculated for the tetragonal structure of the MT phase [22] , we find v which is the acoustic variant of the optical amplitudon, has previously been reported [25] .
With optical reflectivity we cannot distinguish with certainty between the two explanations, but the structure of the samples as determined by x-ray diffraction, and the accuracy of the estimated frequency strongly supports the hypothesis of a zone-folded acoustic phonon.
We finally consider the possibility of inducing the martensitic phase transition with a fs laser pulse on an ultrafast timescale. In FIG. 3a we show the transient reflectivity curves the amplitude and the damping of the zone folded acoustic mode both increase with fluence.
At higher fluences a beating of the signal indicates the presence of a second frequency.
To extract the frequencies we isolate the oscillatory part of the curves by subtracting the incoherent part given by ∆R e . The remaining oscillating signal is Fourier transformed as shown in FIG. 3c . At low fluences the result is a single frequency at ∼ 1.2 THz as expected.
As the fluence is increased a second peak gradually arises at ∼ 0.8 THz. This frequency is consistent with the frequencies found for the amplitudon in the PMT. It shows that with increasing laser fluence the martensitic transition is induced, resulting in a change of structure from MT to PMT, with the modulation of the PMT realized by the amplitudon.
The presence of a full period of the zone-folded acoustic phonon at all applied fluences is a clear proof that the nanotwinned structure remains present at early times (t < 2 ps). The beating on the other hand reveals that a significant fraction of the PMT is present after 2 ps and confirms the expected phase coexistence of PMT and MT. We have previously observed phase coexistence in a laser induced first order phase transition [26] .
To summarize we have measured two coherent optical phonons in the pre-martensite and martensite phases of the Heusler alloy Ni 2 MnGa respectively. These were characterized as an amplitudon in the PMT and a zone-folded acoustic mode arising from the nano-twinned structure in the MT. The good estimate of the frequency of the zone-folded acoustic mode supports the idea of an adaptive martensitic phase in Ni 2 MnGa. The martensitic phase transition can be induced on a timescale of ∼ 2 ps ps by laser excitation and exhibits phase coexistence between the MT and PMT phases. A confirmation of our findings will require further experiments. This can be done by measuring the optical branches of the phonon dispersion curves with inelastic neutron scattering, or by using time-resolved x-ray diffraction to directly measure the atomic motion in the time domain.
